There are two aspects to this. One is to further the field of surface science by exploring the effects of spatial variations across a surface on a scale not previously accessible to x-ray measurements. The other is to open up new analytical techniques in materials science using x-rays, on a spatial scale comparable to that of the processes or devices to be studied.
The development of the spectromicroscopy program at the Advanced Light Source will employ a variety of instruments, some are already operational. Their development and use will be discussed, and recent results will be presented to Uustrate their capabilities.
Spectroscopy and microscopy techniques the spatial features resolved are smaller than about 1 micron. There are two categories of microscope, and two specixoscopy techniques, which contribute to the spectromicroscopy program at the ALS. All of this work requires a synchrotron light source, and the advent of this and other third generation high brightness facilities is bringing these techniques into full practical use.
Scanning microscopes make a small spot of x-ray illumination on the sample surface. The size of the spot determines the spatial resolution which is usually at the diffraction limit of the x-ray optical system, which then has a correspondingly limited acceptance. A high brightness synchrotron source is required to fill the optics with sufficient intensityWith a stationary spot one can perform spectroscopy confined to the illuminated area. Images of the surface can be formed by scanning the spot (or the sample) over the area of interest and building up a picture by recording a signal, pixel by pixel. The signal will usually be derived from a We consider spectroscopic measurements as 'spectromicroscopy' when specific spectral feature, e.g. the yield at a certain peak in the spectrum. Scanning to produce images is tedious, and it is difficult to study time dependent phenomena by this technique, but once the x-ray optics are implemented to produce a sub-micron spot the spatial resolution is guaranteed, regardless of the nature of the sample.
an image of the sample surface by collecting secondary electrons, or direct photo-electrons, through an electron optical column. Illumination requirements are less stringent than with scanning microscopes; one needs only to put the photons on the sample surface over the field of view of the microscope. Electron optics can usually resolve better than x-ray optics, if the chromatic aberrations due to the spread of energy of the emitted electrons can be corrected. Generally the sample surface helps to form the focusing electric field so that it must be flat and conducting. The images can often be acquired at video rates so that time dependent phenomena are easy to watch.
Direct photo-electrons are measured for their yield, energy and spectral line shapes. The energy and lifetime of the core atomic excitation can be directly observed and its sensitivity to the structural and chemical environment of the emitting atom near the surface provides a lot of information. Chemical shifts of-core level photo-emission spectra can be used to analyze the chemistry of surface structures. Angle resolved measurements show valence band dispersion and surface structure can be determined through photo-electron diffraction. Relative yield of photoelectrons from different species provide compositional information for materials science. The ALS spectromicroscopy program will employ this powerful technique on a sub-micron spatial scale.
X-ray Absorption Near-Edge Spectroscopy (XANES) is the second spectroscopic technique. Absorption spectra are often more difficult to interpret because the near edge structure depends on a valence state or molecular orbital into which the core electron is excited. Usually it is necessary to implement a n auxiliary program of computation and measurement of known molecules and surfaces, to provide standard spectra against which those measured.in a microscope can be compared. However, the results can be strikingly characteristic of the environment of the absorbing atom. In organic molecules, for example, the carbon atoms can be bound in many ways so that each molecular species has a carbon K edge absorption spectrum as its 'fingerprint' and the peaks in the absorption spectra can provide imaging contrast for spectromicroscopy. Ledge absorption spectra of magnetic materials provide a means of detennining the magnetic moment contribution of an atomic species and a means to image the magnetization on a surface [l] .
Photo-electron emission microscopes employ electron optics to form X-ray Photoelectron Spectroscopy (XPS) is a well established discipline. Figure 1 . is an attempt to compare these spectromicroscopy techniques with some alternatives to synchrotron radiation. X-ray microscopes do not compete with electron microscopes for fine spatial resolution and some analytical techniques are available in an electron microscope. For example, electron energy loss spectroscopy (EELS) is analogous to X A N E S but with poorer spectral resolution and increased radiation damage to sensitive molecules. Since organics are an important category of samples, the issue of radiation damage and dose is crucial [2] . SEM/EDX is-the identification of atomic species in an electron microscope image by fluorescence spectroscopic detection. This is a powerful imaging technique with the spatial resolution of an electron microscope, typicaly lOnm, but it does not give information on chemistry or structure.
Scanning Auger uses a focused electron beam and Auger electron detection, so that some chemical shifts can be measured, but the Auger signal to background ratio is small.
XPS in the lab can be improved in both spectral and spatial resolution by moving to a synchrotron source, where the high x-ray intensity allows narrow spectral selection for high energy resolution and the high brightness source leads naturally to-small x-ray spots on the sample; spectromicroscopy follows.
Beamline development for spectromicroscopy at the ALS I Beamline 7.0.1 is an operational undulator'beamline with high flux .(typically 1012 photons/second) at high spectral resolution (typically 1 part in 8000 from 75eV to 1OOOeV) [3] . It has been in use, principally for angle resolved photo-emission spectroscopy, for a year and a half, delivering photons into a spot on the sample 50 microns in diameter. It will alsoserve zone plate scanning microscopes, which will demagnify the illumination to about 0.1 microns diameter for scanning spectromicroscopy. Figure 2. shows the beamline schematically. Two experiments can be illuminated interchangeably by means of a translating pair of mirrors. Two groups run their experiments together, trading shifts.
Typically one group will be performing high intensity photo-emission studies, the other will be running samples in a microscope.
Beamline 7.3.1 is a bend magnet line under construction. Figure 3. shows the scheme. This line is designed to illuminate a sample surface for photo-electron emission microscopy, with operation from the carbon K edge to higher energies including the transition metal L edges around 700eV. Carbon absorption spectroscopy and magnetic imaging using circular polarized light are the two key capabilities and' the beamline provides spectral resolution of about 1/3000 at the carbon edge to resolve XANES features and about 1/1000 for the transition metals to measure spin orbit split 2p line shapes. This line will also serve a large scale XPS instrument which is being developed in collaboration with the semiconductor industry. Structures fabricated on silicon wafers will be studied by XPS on a sub-micron spatial scale. in diameter with an outer zone 80nm wide, written in gold on a silicon nitride window l O O n m thick. This optic has a diffraction limited spot diameter of about 1 O O n m and the actual spot is measured at 150nm FWHM. At this level the imaging capability matches the spatial resolution of the spectroscopic capability, which works in the following way. The microscope is focused by adjusting the longitudinal position of the zone plate until the image becomes sharp. This is done at a particular photon energy. The energy of the photons is then scanned through the absorption edge and the transmitted flwc is recorded to obtain a X A N E S spectrum. As the photon energy is changed the zone plate lens must be moved longitudinally to maintain the focus, any accidental transverse motion of the lens during the scan causes motion of the spot on the sample and l i m i t s the size of features to be measured. If the spot walks off the feature during the spectral scan the measurement is useless. We have implemented a flexure mechanism to accomplish this focusing motion and a software algorithm is employed to remove the residual transverse errors by adjusting the transverse position of the sample during the spectral scan. This maintains the spot on target to the limit of the reproducibility of the mechanism, seen to be as good as 1 O O n m . Control spectra must be measured with the sample removed to record the reprodicible wavelength dependent intensity changes in the beamline, which are due to geometry, carbon on mirrors and windows, and detector properties. Two detectors are installed. One is a silicon photo-diode with an oxide layer thinner than 8nm for high efficiency. This detector is easy to use in current mode at full intensity. The second detector is a gas proportional counter with a thin (1OOnm) silicon nitride window for efficient operation by photon counting at reduced intensity when sample damage by radiation is a concern. The gas in the counter is a mixture of 90% argon 10% carbon dioxide. The carbon dioxide quench gas provides a , At the present time the zone plates in use at the ALS are 200 microns built in calibration feature for spectra at the carbon and oxygen edge. Pulse height discrimination helps to determine and reduce the contributions of higher order photons from the monochromator. The whole instrument is operated in a helium atmosphere to reduce absorption over the path from the beamline window to the detector, typically 6mm. Wet or dirty samples are acceptable. In principle, all edges above about 1OOeV are accessible, although nitrogen is difficult because of the nitride windows. Figure 4 . shows the instrument.
instrument. This is an extension of earlier work by one of us [5] . Fibers of kevlar are sectioned, imaged and measured for the absorption cross section at the carbon Is, nitrogen 1s and oxygen 1s edges. Previous measurements were confined to the carbon edge. Images show preferential absorption above and below the horizontal plane through the center of the fiber, which is parallel to the plane of polarization of the x-rays, with an apparent cosine-squared dependence on the angle out-of-plane. The peak at 288.5eV is due to excitation of a 1s carbon electron into the n* orbital of the C=O bond. The peak at 532eV is presumably due to excitation of a 1s oxygen electron into the same n* orbital. In the kevlar molecule nitrogen is bound to carbon atoms from the carbonyl and from the aromatic group. The peaks at 403eV and 406eV are presumably due to excitation of a 1s
nitrogen electron into the n* orbital of these bonds. In each case this .n* absorption is enhanced when the electric vector of the photon is tangential to the circumference of the fiber, indicating that the bonds lie preferentially radially. The effect is so strong at the nitrogen edge that the two spectral peaks are not seen at locations in the fiber where the fiber radius vector is horizontal. At higher energies around 415eV, above the nitrogen absorption edge, the polarization pattern is reversed, due to excitation into sigma orbitals. The ultimate goal of this study is to determine the degree of radial orientational order in various Kevlar fiber grades [6] . Other STXM measurements from the ALS are reported in reference [7] . during the formation of the urea functionality is often exploited in the production of polyurethane foams as a blowing agent. [2] . In STXM, the fully focused beam is sufficiently intense to cause chemical modifications to highly radiation sensitive polymers, even within the relatively small dose required for one spectral scan. The threshold for spectrally-detectable damage in the more sensitive (polyether-rich) polyurethanes occurs at an accumulated dose of approximately 5x106 photons.pm-2. Highly efficient use must be made of the allowable dose to accumulate a spectrum from a sub-micron region. Statistically, it should be possible to accomplish this with an efficient photon counting detector. The STXM technique is being developed towards this goal. Meanwhile, in order to obtain representative spectra of polyurethanes without detectable beam damage it was necessary to defocus the beam to a diameter of >1 pm. Figure 6 . compares the C 1s XAS spectra of polyurethane test samples (#258, #259 and #260), acquired using the STXM spectro-microscopes at ALS and at NSLS (this program of research has made previos use of the original STXM at NSLS [4] ). These samples were prepared by Werner Lidy (Dow Chemical) using procedures chosen to generate a well-known chemical composition (in particular a well-defined urea/carbamate ratio) in order to test the capability of X-ray absorption spectromicroscopy to carry out quantitative chemical analysis of urea/carbamate content. Electron microscopy shows that these samples. are essentially homogeneous on spatial scales above 0.05 p. In each case the spectra are the sum of several scans, each recorded with the photon beam defocused to a diameter of -10 p in order to avoid radiation damage. Relative to the NSLS data the resolution of the ALS spectra appears to be slightly better, but the signal-tonoise ratio is somewhat worse. The match between the ALS and NSLS data is very good. The most significant differences in the spectral shape are the larger carbamate n*C=O signal at 290eV in the ALS spectrum.of sample #260 and the weaker e C = C signal in sample #258. These may partly be associated with the somewhat better energy resolution at the ALS, but could also reflect variability in the actual samples.
compositional results for the urea/carbamate ratio in these samples. First, the spectral background is subtracted and all spectra are normalized, in the continuum above the absorption edge, to atomic oscillator strength
We have used the following procedure to derive quantitative intensities. Model spectra of the polyether, polyurea and polycarbamate components (recorded at the NSLS STXM) were also backgroundsubtracted and continuum-normalized. Each spectrum of the polyurethanes was then simulated as a sum of fractionally scaled model spectra, where the fractional scaling is equivalent to a mole fraction analysis. In order to generate the overall simulation, we first have isolated the aromatic component,by assuming that the polyether component is that given by the stoichiometry predicted from the synthesis (see Table 1 .). Figure 7 . plots the results of isolating the aromatic component of the ALS spectra of the (#258, #259, #260) samples, in comparison to the spectra of polyurea and polycarbamate models. After isolating the aromatic component it is clear that there are unique z*C=O features related to urea and carbamate functionality. In order to obtain internally consistent results, it was very. important to have accurate energy calibration (to within 0.05eV) and careful normalization. Small adjustments were made to the energy scale linearity of the.mode1 spectra in order to obtain best match. The insert to Fig. 7 . compares the isolated urea-carbamate .n*C=O signal with curve fits used for the quantitative analysis. The peak heights for the urea and urethane signals from both ALS and NSLS are plotted against the composition predicted from the synthesis, in Fig. 8 . Clearly the STXM X-ray absorption spectra can provide quantitative analysis with better than 10% compositional precision even in cases with 3 or more components. Better quality data will improve analytical precision. This can be readily obtained, even for highly radiation sensitive.samples, by averaging spectra acquired over morphologically similar micro structural regions. Ultimately it is expected that the analytical precision will be limited by systematic errors, such as the presence of unaccounted side products or additives, rather than by data quality.
foam, along with spectra recorded in the precipitate and in the adjacent matrix. Based on the continuum absorbance and the nearly featureless nature of images recorded at energies other than at the sharp spectral features, the section is uniform within 5% in both thickness and density. The images and spectra were recorded with the microscope fully focused, but with the photon intensity reduced about an order of magnitude from the maximum by de-tuning the undulator gap. After recording 5 or 6 spectra at slightly-different spots in the precipitate and matrix regions indicated in Fig. 9 ., images of this region were recorded at several photon energies to ensure that beam damage had not occurred. In this sample (#250) there is a large difference in the matrix and precipitate spectra. Relative to the matrix, the precipitate spectrum has much stronger signals at the n?C=C (285.0eV) n?C=O (289.0eV), and at 286.3eV. The signal at the latter energy is usually attributed to Cls(C-R) to .n*C=C transitions, although this feature is much more intense than counterpart features in model polymers or molecules of known structure [8] . While the full analysis of the precipitate requires further model compound studies, Fig. 9 . presents an image recorded at 285eV (.n*C=C) of a polyurethane preliminary analyses based on sums of polyether, polyurea and polycarbamate spectra indicate the matrix is of the order of 50 to 60 mol% polyether, with approximately equal contributions from both urea and carbamate as the aromatic functionality. In contrast, the precipitate is around 20 mol% polyether, with the aromatic component being predominantly polyurea-like. The large signal at 286.3eV is as-yet unexplained. 
Scanning Photo-Emission Microscopy (SPEM)
Here we plan to implement XPS spectroscopy using a zone plate to create a small x-ray spot. This instnurtent is due to be operational in October 1996. The microscope functioils in a way similar to STXM, there will be a capability for X A N E S using a similar mechanism, but implemented for ultra high vacuum. The sample will not be sectioned, rather the absorption will be measured by the total or partial yield of photo-electrons from +e surface, detected as current-to-ground or by means of the hemispherical electron analyzer. However, the principle interest here is to collect photo-electron spectra from isolated sub-micron regions of the sample surface. For this mode of spectral acquisition there is no mechanical motion so that it should be easy to maintain the intrinsic spatial resolution.
In order to include sample heating, cooling and orientation capabilities, we have decided to maintain the sample stationary in the SPEM design, once it is positioned for focus and for the region of interest. We will raster the zone plate lens in the illumination field for imaging. The zone plate (typically 2 0 0 m diameter) is overfilled, the illumination is typically lmm FWHM, so that it will be possible to scan it +/-50 microns in x and y for small scale images. This is a new development and will bring complications, but the advantage of a large conventional sample manipulator are considered worth the trouble.
stage, which has limited weight capacity, so that 'the focal length must be built in. We plan to assemble zone plates together with their OSA into a pre-aligned unit, one zone plate/OSA combination with a fixed longitudinal separation will cover each absorption edge, through the XANES energy range and up to about 50eV above threshold for low kinetic energy photo-electron spectroscopy. For photo-electron spectroscopy with higher energy electrons the higher energy zone plate/OSA assemblies will be used to excite less tightly bound core levels. Figure 10 . shows the interior layout of SPEM. This approach requires a plentiful supply of zone plates, and the ability to produce custom designs will be an advantage. At the present time there is no such plentiful supply. However there is a parallel project at LBNL to install an electron lithography facility capable of manufacturing the required zone plates. Production will commence late in 1996.
We expect to have 1x109 photons/second in the diffraction limited focal spot at 300eV (the spot can be as small as about 5Onm depending on the zone plate in use). At 700eV (for example) the flux is reduced, to about 8x107 photons/second, this is due both to the beamline design and to the fact that a diffraction limited system has a phase space acceptance inverseley proportional to the square of the photon e n e r~, so that the undulator beam phase space increasingly exceeds the diffraction limited acceptance of the optical system as the photon energy is increased. More flux will be available by opening the pinhole and working with reduced spatial resolution.
The SPEM will use a large solid-angle, multi-channel photoemission spectrometer recently introduced by Physical Electronics Inc. (Phi Omega Analyzer). This electron spectrometer will collect sixteen energy channels simultaneously, from a solid-angle of up to 22 degrees half angle. Based on tests of this analyzer on the micro-focus stations of beamline 7, we expect core-level photoemission count rates of 104 with a bandpass of 0.5eV. A total energy resolution (electron plus photon) of less than 0.08eV will be possible at reduced count rate. The reduction in count rate comes almost entirely from the decrease in analyzer pass energy, since the x-ray optics are designed to run at or near the maximum resolving power of the monochromator, when diffraction limited spot sizes are used.
An additional concern is that the OSA must be carried on the scanning Photo-Electron Emission Microscopy (PEEM) technology can be applied to imaging with secondary electrons liberated by UV illumination to provide work function contrast images at the finestspatial resolution. When higher energy photons are used to excite the surface, XANES and XPS capabilities are added, but the larger spread of electron energies limits the resolution through chromatic aberration in the electron optics to a value of about 1 O O n m . Further design effort is required to correct this problem and recover the resolution achievable with U V illumination. One approach is to make a narrow selection on the energy of the electrons used to form the image [lo] , this cuts down the microscope acceptance but introduces the capability to tune the selected electron energy to coincide with a photo-peak (at an intensity greatly reduced below that obtained using all the secondary electrons). Then the microscope can be used in XPS mode.
have been published 1111 which will correct the chromatic aberrations while maintaining the high intensity imaging available when using the full spectrum of secondary electrons. Several groups around the world are implementing such schemes. High intensity images can be observed at video rates so that time dependent surface processes can be recorded with chemical state contrast. Alternatively, using circular polarized light (at beamllne 7.3.1 for example) surface magnetization patterns can be observed. Figure 11 . shows an application of a PEEM at the ALS. Sub-micron particles are ah unacceptable contaminant in semiconductor processing and as devices become smaller the tolerance of such particles becomes a major concern. X A N E S PEEM has been used here to image a test piece of silicon, which was deliberately contaminated with small particles (0.5 microhs in this case). By illuminating the sample and scanning the photon energy through the a l m u L edge around 77eV the particles were made to emit electrons and the XANES spectra, measured from a small area in the image containing a particle, showed them to be alphaalumina. The requirement for a flat conducting sample is met here, and the insulating.partic1es are so small that their surface leakage currents prevent charging.
The program of .PEEM measurements and instrument development will continue at beamline 7.3.1. Our present PEEM i n s b e n t will be employed, and new instrumentation will be developed. One particular application which comes naturally at beamline 7.3.1 is magnetic imaging and magnetic circular dichroism. The bend magnet radiation out of the orbit plane of the synchrotron is circularly polarized with opposite helicity from above and below the plane. By chopping the light with an aperture images and spectra of magnetized samples will be available which show the surface magnetization patterns and the atomic magnetic moments.
. [9] . Electron microscope Otherwise the contrast mechanism is XANES. Electron mirror designs Micro XPS for semiconductor structure analysis application of soft x-ray spectromicroscopy. Any instrumentation to service this industry must include indexed wafer installation so that suspect features can be found for analysis. We are designing such a system to perform XPS analysis of silicon wafers with an x-ray spot 1 micron in diameter, at high intensity and moderate spectral resolution. This instrument will be installed at beamline 7.3.1, taking a small part of the available bend magnet angular distribution.
PEEM is a well developed technique
grazing incidence mirrors. A pair of elliptical mirrors will be installed approximately 0.2m upstream of the wafer, focusing horizontally and vertically. These mirrors form an image of an illuminated 1 5 p pinhole at a demagrufication of 15 using an average deflection angle of 3.2 degrees.
The mirrors must have an elliptical surface figure with slope deviations from the perfect shape by no more than l p a d r.m.s. along the illuminated length. A large indexed stage will translate the wafer into the spot so that a specific area can be analyzed. An optical alignment microscope is included to locate the features precisely. Figure 12. shows a plan view of this instrument, which is due to operate at the end of 1996.
Surface analysis for semiconductor processing will be an important The x-ray spot is made by de-magnifying an illuminated pinhole, using Summary projects outlined here. By early 1997 we expect to have each of these instruments running for surface science and materials analysis. The main application for STXM will be X A N E S spectromicroscopy of radiation sensitive organic molecules. SPEM will offer XPS spectromicroscopy in UHV for spatially resolved surface studies, e.g. spatially resolved chemisorption studies; it will also provide XPS analysis of submicron regions of structures fabricated off-line; such as adhesion layers in semiconductor structures, microcrystallites, composite structural materials. The microXPS facility will'be devoted to analysis of features on silicon wafers. PEEM studies will emphasize magnetic imaging and magnetic circular dichroism.
Spectromicroscopy development at the ALS consists of the four Figure I . The regime of spatial and spectral resolution for soft x-ray spectromicroscopy at a synchrotron radiation source, and some related techniques.
. Beamline 7.3.1 provides illumination for photo-electron emission microscopy using linear or circular polarized light, it is also the source for an XPS station in which spectromicroscopy experiments are performed on silicon structures from the semiconductor manufacturing industry. A Fresnel zone plate is used to form the x-ray spot for STXM. The first order light focuses on the sample, unfocused zero order radiation must be blocked by the zone plate central stop and by an order sorting aperture close to the focus. The focal length is proportional to the photon energy. All motions are motorized so that the microscope is fully operational in its helium enclosure. Images and spectra of sectioned kevlar fibers measured at the three important absorption edges. Polarization dependent absorption is seen as a cosine-squared dependence on the angle out of the horizontal plane of polarization of the photons (see text). 
